The Pto gene was derived originally from the wíld tomato species Lycopersicon pimpinellifolium and confers resistance to Pseudomonas syringae pv tomato strains expressing the avirulence gene avrPto. The Fen gene is also derived from L. pimpinellifolium and confers sensitivity to the insecticide fenthion. We have now isolated and characterized the alleles of Pto and Fen from cultivated tomato, L. esculentum, and designated them pfo and fen. High conservation of genome organization between the two tomato species allowed us to ídentífy the pto and fen alleles from among the cluster of closely related Pfo gene family members. The pto and fen alleles are transcribed and have uninterrupted open reading frames that code for predicted proteins that are 87 and 98% identical to the Pto and Fen protein kinases, respectively. In vitro autophosphorylation assays revealed that both the pto and fen alleles encode active kinases. In addition, the pto kinase phosphorylates a previously characterized substrate of Pto, the Pto-interacting Ptil serine/ threonine kinase. However, the pto kinase shows impaired interaction with Ptil and with several previously isolated Pto-interacting proteins in the yeast two-hybrid system. The observation that pto and fen are active kinases and yet do not confer bacterial speck resistance or fenthion sensitivity suggests that the amino acid substitutions distinguishing them from Pto and Fen may interfere with recognition of the corresponding signal molecule or with protein-protein interactions involved in the Pto-and fen-mediated signal transduction pathways.
INTRODUCTION
In tomato, the Pto allele confers resistance specifically to Pseudomonas syringae pv tomato strains expressing the avirulence gene avrPto, and the Fen allele confers sensitivity to the insecticide fenthion (Ronald et al., 1992; Martin et al., 1993a Martin et al., , 1994 . The Pto and Fen alleles were originally discovered in a wild species of tomato, Lycopersicon pimpinellifolium, and have been introgressed into many tomato (L. esculentum) cultivars by backcrossing (Pitblado and Kerr, 1980) . Analysis of bacterial speck resistance and fenthion sensitivity in heterozygotes has demonstrated that Pto and Fen behave as semidominant alleles (Carland and Staskawicz, 1993) . 60th genes have been isolated by map-based cloning and were shown to belong to a gene family of four members that is tightly clustered on chromosome 5 (Martin et al., 1993b (Martin et al., , 1994 Y. Jia, unpublished results) .
Pto and Fen encode serinehhreonine kinases whose amino acid sequences are 80% identical and 87% similar (Martin et al., 1993b (Martin et al., , 1994 . Recently, mutagenesis of a bacteria1 speck-resistant tomato cultivar has identified another gene linked to Pto, named Prf, that is required for both f t omediated bacterial speck disease resistance and fenthion sensitivity (Salmeron et al., 1994) . Prf encodes a protein 'To whom correspondence should be addressed. containing a leucine zipper motif, leucine-rich repeats, and a nucleotide binding sequence similar to several other recently cloned disease resistance (R) genes (Salmeron et al., 1996) . Precisely how Prf functions in the Pto and Fen signaling pathways remains unclear. The PtolFen pathways are being dissected further by using the yeast two-hybrid system to isolate Pto-interacting (Pti) proteins (Zhou et al., 1995) . This approach has identified another serinehhreonine kinase, Ptil, which serves as a specific substrate for Pto (but not Fen) and is involved in the hypersensitive response initiated by the avirulent bacterium (Zhou et al., 1995) .
An understanding of how Pto and Fen function in recognition and signal transduction would benefit from the study of alleles that are unable to confer disease resistance or fenthion sensitivity. To date, analyses of mutant alleles of two R genes have been reported (RPS2, Bent et al., 1994; Mindrinos et al., 1994; and RPM7, Grant et al., 1995) . In the case of RPS2, three mutant alleles derived by chemical mutagenesis were found to contain single nucleotide changes that either encode a different amino acid or create a stop codon (Mindrinos et al., 1994) . One naturally occurring recessive allele, rpslOlN, carries a 10-bp insertion that alters the open reading frame (ORF) and presumably yields a truncated, nonfunctional protein (Mindrinos et al., 1994) . Analysis of four RPMl alleles derived from chemical mutagenesis also revealed single nucleotide substitutions resulting in missense or nonsense mutations (Grant et al., 1995) . Based on hybridization experiments, most cloned R genes appear to have alleles in susceptible cultivars of the same plant species. An interesting exception to this is the RPMl gene in which hybridizing fragments are not present in several closely related Arabidopsis ecotypes (Grant et al., 1995) .
In this study, we investigated whether alleles of the Pto and Fen genes occur in the cultivated tomato L. esculentum. We define alleles in the context of a clustered gene family as orthologous genes (derived from the same ancestral gene) that occur at identical chromosomal locations. Previously, Pto and Fen gene probes were shown to hybridize with numerous fragments in genomic DNA isolated from L. esculentum cultivars (Martin et al., 199313, 1994) . However, because the Pto gene family is clustered, it was not known whether the hybridizing fragments were simply gene family members or whether Pfo and Fen orthologs occurred at the identical chromosomal locations observed in L. pimpinellifolium. Such orthologs should have the most highly conserved DNA sequences among gene family members and would provide the most informative comparisons to the L. pimpinellifolium Pto and Fen alleles. Similarly, hybridization with the Pto and Fen gene probes to RNA blots detected transcripts of the same size and abundance in both L. pimpinellifolium lines containing the Pto region and L. esculentum cultivars (Martin et al., 1993b) ; however, these transcripts could have been derived either from alleles of Pto and Fen or from closely related gene family members. We reasoned that if alleles of Pto and Fen are present in L. esculentum tomato cultivars, knowledge of the alterations in their primary sequence might shed light on the evolution of this gene family and in particular help to elucidate the molecular basis of the phenotypes conferred by the dominant Pto and Fen alleles.
RESULTS ldentification of Unique Sequences That Occur Downstream of the R o and fen Alleles
Previously, hybridization analysis of the Pto region of L. pimpinellifolium and L. esculentum showed that several different Pto-homologous sequences occur in both species (Martin et al., 1993b) . However, it was not known whether the Pto gene family is as tightly clustered in L. esculentum as it is in L. pimpinellifolium. To determine the conformation and location of the Pto gene family in L. esculentum, we used a Pto probe to isolate a yeast artificial chromosome (YAC) clone from a library derived from the L. esculentum species VFNT Cherry (Martin et al., 1992) . The YAC PTY475-1 (VC168.Gl2) contains an insert of -500 kb and hybridized with the DNA markers TG538 and TG475, which delimit a 0.4-centimorgan region spanning the Pto locus (Martin et al., 1993a (Martin et al., , 1993b .
PTY475-1 was analyzed by using restriction enzyme digests and compared with YAC clone PTY538-1, which contains the Pto cluster from L. pimpinellifolium (Martin et al., 199313) . With the exception of a monomorphic band that is common to both tomato species and unlinked to Pto (Martin et al., 1993b) , all of the Pto-hybridizing fragments that were observed in the L. esculentum genome are contained within the 500-kb region of PTY475-1 (data not shown). Physical mapping of PTY475-1 and PTY538-1 indicates that the Pto gene family is clustered within a region of < 70 kb in both L. To isolate comparable regions from L. esculentum, we used the IR and FR probes to identify 20 A clones from a genomic library derived from L. esculentum cv Ailsa Craig. L. e. Ailsa Craig is susceptible to bacterial speck caused by lace O of P. s. tomato and is insensitive to fenthion @to fenlpto fen; Y . Jia and G.B. Martin, unpublished results) . Clones that hybridized with the IR probe (clone ACI -1 4) and with the FR probe (clone AC1-13) were identified. Hybridization analysis of AC1-14 determined that the region upstream of the IRhybridizing sequence (called IS in L. e. Ailsa Craig) was homologous to Pto ( Figure 1B ). Similar analysis of ACl-13 showed that a Fen homolog was directly upstream of the FRhybridizing sequence (called FS in L. e. Ailsa Craig; Figure  26 ). These observations indicate that the genome organization in these regions is highly conserved between the two tomato species and supports the conclusion that the re- The pto allele encodes an ORF that would produce a predicted protein of 311 amino acids. The start codon that precedes this ORF is in a favorable context for initiating translation (i.e., there is a guanine at +4 and an in-frame stop codon at -45 nucleotides from the ATG codon; Kozak, 1989) . A BESTFIT analysis (using the software of the Genetics Computer Group, Madison, WI) of the alignment of the Pto and pto amino acid sequences is presented in Figure 3 and shows that excluding gaps, the proteins are 87% identical. The 15 invariant residues that are characteristic of functional protein kinases are all present in the pto protein, as is the myristoylation motif that was noted previously in R o (Martin et al., 1993b) . Thus, based on sequence analysis, the pto allele appears to encode a protein with the features that are required to be an active protein kinase. Despite the overall similarity between the putative Pto and pto proteins, there are 50 amino acid differences that distinguish them ( Figure 3 ). Most notable are three short deletions in the pto protein. The first deletion is near the N terminus of the pto protein and results in the loss of five amino acids (corresponding to amino acids 19 to 23 in Pto). The second deletion results in the loss of threonine and methionine residues near the middle of the protein (amino acids 128 and 129 in Pto). Curiously, these same two amino acids are also missing from the Fen protein (see below). The third deletion results in the loss of three amino acids (1 96 to 198 in Pto).
Three short regions that share significant identity to portions of the Pto ORF are interspersed downstream of Ptol pto (Figure 1 B) . Two of these were known previously because they were present on the CD186 cDNA used in complementation experiments to confirm the cloning of Pto (Martin et al., 1993b) . These two regions (now designated +Rb'l and +Ra') and a third region, +Rb'2, appear to be pseudogenes because they encode only portions of the Pto ORF. In addition to cDNA clone CD186, we have identified cDNA clones that contain all three pseudogenes on the same clone with The positions of subdomains that are characteristic of protein kinases are indicated above the sequences, and the 15 amino acids that are highly conserved among protein kinases are indicated by asterisks (Hardie and Hanks, 1995) . Putative myristoylation sites at the N termini are indicated by a line over the amino acids. ldentical amino acids are shown in black boxes, and gaps introduced to improve alignment are indicated by periods. Alignment was produced using the BESTFIT program of the Genetics Computer Group software package. Nucleotide sequence comparisons of the pseudogenes with the Pto and pto alleles are presented in Table 1 . In all cases, corresponding pseudogene regions (e.g., +Rb ' 7 and +Sb'7) from the two tomato species were more similar to each other than to any of the other pseudogenes or with the Pto/pto ORFs. Each of the pseudogenes contains a short ORF with homology to the Pto/pto ORFs preceded by an ATG codon. In two of the six pseudogenes (QRb'2 and QSb'2), the start codon is not in a favorable context for initiating translation (i.e., they lack a purine at position -3 and a guanine at position +4 [data not shown]; Kozak, 1989) . The ORFs encode putative proteins that range from 41 amino acids up to 123 amino acids and, as expected, show pronounced identity to the Pto/pto ORFs (data not shown).
In the original Pto cDNA clone (CD186), the first two pseudogenes (+Rb ' 1 and +Ra ') were separated by 185 bp of DNA (Martin et al., 1993b) . Further analysis of a genomic clone containing this region revealed the presence of a sequence between the two pseudogenes that had been spliced from CD186. Although the splicing event does not result in the generation of an ORF that joins +Rb'7 and +Ra', the IR and IS sequences are delimited by typical splice sites (GT-AG) and thus appear to be introns. The intron sequence is 97% identical between L. esculentum and L. pimpinellifolium and,encompasses the single-copy probe, IR, which we used to identify the ACl-14 X clone ( Figure 1A ). The IR intron has not been observed in any cDNA clones containing the Pto ORF that we have isolated. The IRlIS intron sequences contain no ORFs >55 amino acids, and none shows significant matches in current data bases. Comparison of the IR DNA sequence to the current data bases showed that it contains two short regions (base pairs 21 75 to 2251 and 2378 to 2409) that are 81% identical to sequences directly downstream of Pto (base pairs 989 to 1065 and 1 1 13 to 1 144) and a 627-bp region (from base pair 2444 to 3071) that is 61% identical to an uncharacterized mitochondrial sequence from yeast (Hansenula wingei; GenBank accession number D31785; data not shown). The weak homology of IR to other sequences adjacent to Pto may account for the faint hybridizing fragments that were observed on the DNA genomic blot shown in Figure 1A . Interestingly, a 73-bp region (base pairs 2546 to 2618) in the intron shares 69% identity with the tobacco pathogenesis-related PR-1 a gene promoter (Gruner and Pfitzner, 1994 ; GenBank accession number X76983). The PR-1a-like promoter element is situated in the same orientation (5' + 3') as the ORF contained within the +Ra' pseudogene. Considering that the +Ra ' pseudogene might have arisen by physical rearrangement of the 5' Pto region, it is possible that a similar PR-lalike element lies upstream of both the Pto and pto alleles. Future characterization of the Pto and pto promoter regions should reveal whether such an element is present and, if so, whether it plays a role in regulating Ptolpto gene expression.
Sequence Analysis of the L. esculentum fen Allele
The region containing the sequences homologous to the Fen gene in L. esculentum was analyzed by subcloning a genomic fragment containing the Fen homology from clone AC1-13 and sequencing the -1.5-kb sequence shown in Figure 28 . Again, a highly conserved genome structure was observed between L. esculentum and L. pimpinellifolium in this region. The DNA sequences spanning the Fen and fen open reading frames are 97.7% identical between the two species, with slightly less similarity in the upstream and downstream regions. The regions containing the singlecopy sequence FR and FS sequences are 87.6% identical. Based on high nucleotide sequence conservation, we have designated this Fen-homologous region in L. esculentum as the fen allele. We found no evidence for pseudogenes or associated introns in the vicinity of the Fenlfen alleles. As shown in Figure 4 , the fen allele encodes an ORF that would produce a predicted protein of 320 amino acids. The start codon preceding this ORF resides in a favorable context for initiating translation (i.e., there is a guanine at +4 and an in-frame stop codon at -45 nucleotides from the ATG codon; Kozak, 1989) . As expected from the high nucleotide sequence similarity between the two alleles, the protein encoded by fen is 98% identical to the Fen protein kinase. The 15 invariant residues are present, as is the putative myristoylation motif previously noted in the Fen protein kinase (Martin et ai., 1994) . Only 14 amino acid differences distinguish the two proteins, and 11 of these are conserved substitutions (Figure 4) . A notable difference is the presence in the fen protein of threonine and methionine residues at positions 133 and 134, respectively. These same two amino acid residues are also present in the Pto protein at these positions but are missing from the pto and Fen proteins (Figure 4) .
The pto and fen Recessive Alleles Are Transcribed
Sequence analysis of the pto and fen alleles indicated that both encode proteins with significant structural similarities to the Pto and Fen protein kinases. However, it was not known whether the alleles are actually transcribed. Previously, RNA gel blot analysis using the insert of CD186 ( The positions of subdomains that are characteristic of protein kinases are indicated above the sequences, and the 15 amino acids that are highly conserved among protein kinases are indicated by asterisks (Hardie and Hanks, 1995) . Putative myristoylation sites at the IM termini are indicated by a line over the amino acids. Identical amino acids are shown in black boxes, and gaps introduced to improve alignment are indicated by periods. Alignment was produced using the BESTFIT program of the Genetics Computer Group software package.
indicated that both resistant and susceptible tomato cultivars contain Pto-homologous transcripts of similar sizes and abundance (J. Zhou and G.B. Martin, unpublished results). The difficulty in identifying allele-specific hybridization probes, however, made it difficult to show unequivocally by RNA gel blot analysis that any particular transcript was derived from the fen or pto alleles.
As an alternative approach to RNA gel blot analysis, we relied on restriction sites that were known to be unique within the pto and fen alleles, as shown in Figure 5 . Poly(A) 4 mRNA was isolated from both Pto/Fen and pto/fen tomato leaves and reverse transcribed; the resulting cDNA pool was used as a template in a polymerase chain reaction (PCR) with primers that anneal to unique sequences in the Pto/pto or Fen/fen alleles (see Methods). These primers amplified products of the expected size from both cultivars Rio Grande-PtoR (Pto Fen/Pto Fen; bacterial speck resistant and fenthion sensitive) and Ailsa Craig (pto fen/pto fen; bacterial speck susceptible and fenthion insensitive) ( Figure 5A ). Control experiments with genomic DNA from these cultivars also resulted in amplification of the expected products, whereas PCR amplification using mRNA that had not undergone reverse transcription gave no products ( Figure 5A ). The latter control is particularly important because it rules out DNA contamination of the mRNA template; none of the alleles contains introns, and contaminating DNA would thus give rise to a PCR product of the same size. The amplified (A) PCR products were amplified using Pto/pfo-specific or Fen/fenspecific primers (see Methods). The templates used were genomic clones RG18, AC1-13, RG1-7, and AC1-14 (lanes 1 to 4), mRNA treated as in a reverse transcriptase reaction but without reverse transcriptase added (-R.T.; lanes 5 to 8), and mRNA after a reverse transcriptase reaction ( + R.T.; lanes 9 to 12). Tomato cultivars from which genomic DNA clones or mRNA were isolated were Rio Grande-PtoR (R) or Ailsa Craig (S). Fen-specific primers were GMC2 and GMC34, and Pfo-specific primers were Rl and GMC35 (see Methods for primer sequences). The addition of Fen-specific primers or Pto-specific primers to the PCR is indicated by a plus sign over the corresponding lane. PCR products were separated on a 1 % agarose gel, stained with ethidium bromide, and photographed. Templates used were genomic clones RG18, AC1-13, RG1-7, and AC1-14 (lanes 1 to 4) or mRNA after a reverse transcriptase reaction (lanes 5 to 8). Tomato cultivars from which genomic clones or mRNA were isolated were Rio Grande-PtoR (R) or Ailsa Craig (S). Fen-specific primers were GMC2 and GMC34, and Pto-specific primers were Rl and GMC35 (see Methods for primer sequences). The fragments were electrophoresed on a 10% polyacrylamide gel, stained with ethidium bromide, and photographed. Sizes of fragments from the Fen allele are indicated at left. Lengths of the fragments from the Pto allele are shown at right.
PCR products were further analyzed by digestion with restriction enzymes that recognize unique sites in the Pto/pto alleles (Haelll) and the Fen/fen alleles (Taql) ( Figure 5B and 5C). The predicted restriction fragment length polymorphism patterns corresponding to pfo and fen alleles were observed in the reactions of Ailsa Craig cDNA, and the restriction fragment length polymorphism patterns corresponding to the Pfo and Fen alleles were observed in reactions of Rio Grande-PtoR cDNA ( Figures 5B and 5C ). These results indicate that both pfo and fen alleles are transcribed in the L. e. Ailsa Craig.
The pfo and fen Alleles Encode Active Protein Kinases
To test for potential kinase activity of the pto and fen proteins, the complete ORFs of the pfo and fen alleles were expressed as fusion proteins with the maltose binding protein (MBP) in Escherichia coli. Pto and Fen fusion proteins and their kinase-deficient counterparts were included in the experiment as controls . As shown in Figure 6A , expression of pMBP-pto, pMBP-fen, pMBP-Pto, pMBP-Pto(K69Q), pMBP-Fen, and pMBP-Fen(K69Q) in £ coli yielded fusion proteins with the expected masses of 78 kD. The fusion proteins were purified by binding to amylose resin and incubated in kinase buffer with y-32 P-ATP. Autoradiography revealed radiolabeled bands at locations corresponding to both the MBP-pto and the MBP-fen fusion proteins ( Figure 6A ). Thus, both recessive alleles encode proteins that are active kinases in this in vitro autophosphorylation assay. Previously, we characterized another serine/threonine kinase, Pti1, that physically interacts with Pto in the yeast two-hybrid system and serves as a substrate for Pto in in vitro cross-phosphorylation assays (Zhou et al., 1995) . The phosphorylation of Pti1 by Pto is relatively specific, as determined by the inability of the closely related Fen kinase to phosphorylate the Pti1 protein in similar experiments (Zhou et al., 1995) . Therefore, we were interested in whether the protein kinases encoded by the pfo and fen alleles would be able to ph6sphorylate Pti1. The kinase-deficient GSTPti1(K69N) fusion protein, which previously has been shown to be unable to autophosphorylate (Zhou et al., 1995) , was incubated separately with the MBP-pto or MBP-fen fusion proteins. The MBP-Pto and MBP-Fen fusion proteins were included as positive and negative controls, respectively. As shown in Figure 6B , the MBP-pto fusion protein, but not the MBP-fen fusion protein, was able to phosphorylate the Pti1 protein in these experiments. (A) MBP fusions of Pto, pto, Fen, fen, and kinase-deficient proteins Pto(K69Q) and Fen(K69Q) were expressed in E. coli, immobilized on amylose resin, and incubated with -y-32 P-ATP in kinase buffer (see Methods). The proteins were electrophoresed on an SDS-polyacrylamide gel and exposed to x-ray film. Lane 1 contains MBP-Pto; lane 2, MBP-pto; lane 3, MBP-Pto(K69Q); lane 4, MBP-Fen; lane 5, MBP-fen; and lane 6, MBP-Fen(K69Q). The locations of standards (Bio-Rad) used to estimate protein sizes are indicated in kilodaltons. The gel was exposed to film for 9 hr at -80°C. The autoradiograph at the top shows the radiolabeled phosphorylated proteins, and the Coomassie blue-stained gel at the bottom shows the protein profile. (B) Analysis of possible cross-phosphorylation of Pti1 by Pto, pto, Fen, and fen kinases. The kinase-deficient GST-Pti1(K69N) protein was used as a substrate in a kinase assay in combination with the MBP-Pto, MBP-pto, MBP-Fen, or MBP-fen fusion proteins (lanes 1 to 4). Total proteins were analyzed by SDS-PAGE and autoradiography. The autoradiograph at top shows the radiolabeled phosphorylated proteins, and the Coomassie blue-stained gel at the bottom shows the protein profile.
The pto Kinase Is Deficient in the Interaction with Several Pto-lnteracting Proteins
In previous work, we isolated several cDNAs encoding proteins that physically interact with Pto in the yeast two-hybrid system (Pti1, Zhou et al., 1995; Pti2, Pti4, and Pti6, J. Zhou and G.B. Martin, manuscript in preparation). In the case of the Pti1 protein, the interaction is very specific because Pti1 does not interact with any other protein kinases tested, including Fen, Pelle, and Raf (Zhou et al., 1995) . The protein encoded by pfo shares even greater similarity with Pto than does Fen (91 versus 87%); therefore, we were interested in whether the pto protein might associate with any of the Ptointeracting proteins in the two-hybrid system.
The entire pto ORF was cloned into the yeast two-hybrid bait vector pEG202 (Golemis et al., 1994) to create a fusion with the LexA DNA binding domain. Standard tests indicated that the LexA-pto protein does not autoactivate the lacZ and LEU reporter genes and that it is able to enter the yeast nucleus (see Methods). The interaction of the pto protein (as the "bait" protein) with the Pti1, Pti2, Pti4, or Pti6 proteins (as "prey" proteins) was first examined by coexpressing them in yeast strain EGY48 containing the LexAop-L£U2 reporter gene. (Pf/2 encodes a partial ORF with homology to the a subunit of the mammalian proteosome; Pti4 and Pti6 encode putative transcription factors [J. Zhou and G.B. Martin, manuscript in preparation].) Coexpression of Pto or pto independently with the Pti1, Pti2, Pti4, or Pti6 prey proteins produced leucine prototrophic colonies, indicating physical interaction of the bait and prey proteins (data not shown).
We next tested activation of the lacZ reporter gene. In the two-hybrid system, we found that activation of the lacZ reporter gene requires stronger interaction between the bait and prey proteins than does LEU activation (Golemis et al., 1994) . As shown in Table 2 , both Pto and pto proteins interacted strongly with the protein designated Pti2, as indicated by significant p-galactosidase activity encoded by the lacZ reporter gene. In contrast, pto interacted only weakly with the Pto substrate Pti1 and with the two other Pto-interacting proteins (Table 2) . To rule out the possibility that a lower expression level of the pto bait protein was responsible for the low p-galactosidase activity, we performed immunoblot analysis of the total yeast proteins derived from the LexAPto and LexA-pto strains by using a LexA antibody (generously provided by E. Golemis, Fox Chase Cancer Center, Philadelphia, PA). Figure 7 shows that the abundance of the LexA-Pto and LexA-pto fusion proteins (at ~60 kD) is similar in both yeast strains. These data indicate that the protein encoded by the pto allele is impaired in its ability to interact physically with several Pto-interacting proteins. Reynolds and Lundblad, 1989) . Numbers are the mean and standard error calculated from measurements of three independent transformants of each bait/prey combination, each with three replications. Protein was extracted from yeast strains containing the LexA-Pto, LexA-pto, or Pti1 fusion constructs. Duplicate samples of ~50 jxg of protein from each yeast strain were resolved by SDS-PAGE, and protein was blotted onto a polyvinylidene fluoride membrane (see Methods). The membrane was incubated with a polyclonal antibody raised against purified LexA protein, and cross-reacting proteins were detected using the enhanced chemiluminescence method (see Methods). The immunoblot at the top shows proteins that crossreacted with the LexA antibody. The duplicate Coomassie bluestained gel is shown below. Locations of protein standards (BioRad) are shown. Lanes 1 to 3 denote total yeast protein from LexAPto, LexA-pto, and Pti1, respectively.
DISCUSSION
The Pto gene family is tightly clustered in both L. pimpinellifolium and L. esculentum species, and this potentially complicates the identification of orthologs (alleles) for each member of the gene family. To specifically identify the alleles of Pto and Fen, we relied on unique DNA sequences that occur downstream of the dominant alleles in L. pimpinellifolium. These unique sequences were used to identify the corresponding regions from L. esculentum, and nucleotide sequence analysis of these regions in both tomato species showed that homologs of Pto and Fen occur at the same chromosomal positions in L. pimpinellifolium and L. esculentum. We have designated these homologs pto and fen-the recessive L. esculentum alleles of the Pto R gene and the Fen fenthion sensitivity gene.
Three short regions with homology to portions of the Pto ORF lie downstream of the Pto and pto alleles and appear to be pseudogenes. All three are sometimes transcribed, but each contains only portions of the Pto/pto ORF. This highly conserved structure of the Pfo region in bacterial speckresistant and bacterial speck-susceptible tomato cultivars indicates that this genome organization evolved, presumably by duplication and rearrangement, before the divergence of the L. esculentum and L. pimpinellifolium species. DNA sequence comparisons between the orthologous pseudogenes from each species (e.g., +Rb'l and +Sb'l) showed that they are more similar to each other than to the Ptolpto alleles. This sequence conservation further supports the suggestion that the structure of this region evolved before the two species diverged.
In common with several mammalian pseudogenes that are derived from protein kinase genes, all of the Pto pseudogenes contain short ORFs with in-frame start codons (Wirkner et al., 1992; Hoffman et al., 1995) . Although two of these start codons do not occur in the most favorable context for initiating translation, they would produce short peptides with between 60 and 75% identity to portions of the Pto and pto kinases, if the ORFs were translated. For example, +Ra' contains an ORF with an in-frame ATG that would produce a putative protein of 123 amino acids having 75% identity to the corresponding region of Pto. The fact that mutations have not occurred to disrupt these ORFs suggests that there is either a relatively low rate of mutation within this region or that selection pressure has operated to maintain these ORFs. None of the truncated pseudogene proteins would contain the full complement of kinase subdomains, and it is therefore unlikely that they are involved in protein phosphorylation. It is possible that they play a negative regulatory role, perhaps by binding to and interfering with Ptointeracting proteins. The pseudogenes are not required for resistance to strains of P. s. tomato expressing avrPto because the Pfo ORF alone is sufficient for this activity (Frary, 1995; Rommens et al., 1995) . The initial objectives of this study were to determine whether alleles of Pto and Fen exist in L. esculentum and, if so, to discover possible molecular explanations for why these alleles are unable to confer resistance to bacterial speck disease or sensitivity to fenthion. A priori, several simple explanations were possible for the "inactivity" of pto and fen. For example, promoter mutations may have occurred that prevent transcription of the two alleles. This possibility was ruled out by the demonstration that both pto and fen transcripts are detectable in L. e. Ailsa Craig. These experiments were not quantitative, however, and it remains a formal possibility that differences in transcription levels contribute to the inability of the pto and fen alleles to confer pathogen resistance or fenthion sensitivity. Similarly, we have not shown that the pto and fen transcripts are translated or that they produce proteins with the abundance and stability of the Pto and Fen kinases. We now need to develop antibodies that cross-react specifically with the putative proteins encoded by the pto and fen alleles. Although we cannot eliminate the possibility that quantitative differences occur in the levels of transcription or translation between Ptolpto and Fenlfen, our reverse transcriptase-PCR results and the observation that the L. esculentum alleles encode ORFs indicate that they have the potential to produce proteins with striking similarities to the Pto and Fen kinases. This was a rather surprising result because many simple mutations could have accounted for the inactivity of the pto and fen alleles. Previous analyses of mutant alleles of various protein kinases have found nonsense mutations that result in either truncated proteins or missense mutations that altera highly conserved residue in one of the 11 characteristic protein kinase subdomains (Georgi et al., 1990; Stevenson et al., 1992; Kieber et al., 1993; Torii et al., 1996) . This is not the case, however, for the pto and fen alleles. Rather, both genes were found to encode ORFs that are highly similar to those encoded by their corresponding L. pimpinellifolium alleles. The putative pto and fen proteins contain the 15 invariant residues characteristic of protein kinases and were shown to be active protein kinases by in vitro autophosphorylation assays. In addition, the pto kinase but not the fen kinase was shown to cross-phosphorylate Ptil, a serinelthreonine kinase that had been found previously to be a specific substrate for Pto but not for Fen (Zhou et al., 1995) .
If pto and fen do in fact produce active protein kinases in plant cells, then why are they unable to confer bacterial speck resistance or fenthion sensitivity? One possible explanation is that the amino acid substitutions in the pto and fen kinases produce conformational changes that affect their ability to interact physically with other proteins involved in the recognition of the bacterial signal or fenthion or with various downstream signaling events. This possibility is supported by the observation that the pto protein is impaired in its interaction with three of four Pto-interacting proteins in the yeast two-hybrid system. Similar observations have been reported for signaling components of the Drosophila dorsoventral patterning pathway and of a cyclin-dependent kinase cascade in humans (Galindo et al., 1995; Reymond and Brent, 1995) . In the dorsoventral pathway, the pelle kinase is known to interact physically with the membraneassociated protein tube. Two mutant alleles of the tube that block signal transduction also interfere with the pelletube interaction in the two-hybrid system (Galindo et al., 1995) . In humans, the cyclin-dependent kinases Cdk4 and Cdk6 interact in the two-hybrid system with the tumor suppressor candidate protein p l 6INK4. Allelic variants of p l 6 identified in cancer-prone families in which single amino acid substitutions occur are deficient in the interaction with both Cdk4 and Cdk6 (Reymond and Brent, 1995) . Thus, there is a precedent for biologically relevant perturbations of signal transduction pathways to be reflected in impaired interactions in the yeast two-hybrid system.
One of the Pto-interacting proteins with which pto interacts only weakly, Ptil, has been shown to be an in vitro substrate for phosphorylation by Pto and to be involved in the hypersensitive response in tobacco (Zhou et al., 1995) . Ptil is postulated to act downstream of Pto in the disease resistance signaling pathway, and the weak binding of pto to this substrate might explain its inability to mount a resistance response to avrPto-expressing strains of P. s. tomato.
The seemingly conflicting observation that pto phosphorylates Ptil in vitro but does not physically interact with Ptil might simply indicate that the pto kinase and the Ptil kinase do not associate in vivo. Similar results have been obtained with yeast serinehhreonine kinases in which, for example, STE11 has been shown to phosphorylate STE7 in vitro but does not interact with this kinase in the two-hybrid system (Choi et al., 1994; Neiman and Herskowitz, 1994) . Additional studies of possible in vivo interactions between Ptil and the Pto, pto, and fen kinases are necessary to resolve this issue.
The observation that pto and fen are capable of encoding functional protein kinases raises the possibility that they may serve some function in the plant cell. These kinases could be involved in signal perception and transduction related to other, perhaps unknown, pathogens of tomato or other races of P. s. tomato that have yet to be identified. However, to date, none of the more than 20 R genes that have been mapped in tomato is linked to the Pto locus. Of course, it is also possible that the pto and fen alleles play fundamental roles unrelated to pathogen recognition. If this is the case, it appears that these roles must also be filled by other genes (including perhaps Pto and Fen) because tomato cultivars lacking pto and fen do not show gross phenotypic differences when compared with a near-isogenic cultivar containing these alleles.
The similarity between fenthion-induced necrosis and the pathogen-induced hypersensitive response points to the intriguing possibility that the signaling event(s) mediating these responses may be similar (Martin et al., 1994) . Mutagenesis of a bacterial speck-resistant tomato cultivar has identified another gene near Pto, named Ptf, that is required for both Pto-mediated resistance and fenthion sensitivity (Salmeron et al., 1994) . The function of the Prfgene appears to be highly conserved in tomato because transformation of bacterial speck-susceptible cultivars with Pto alone confers resistance (Martin et al., 1993b) . Similarly, transformation of a fenthion-insensitive tomato cultivar with the Fen gene alone confers fenthion sensitivity (Martin et al., 1994) . These observations indicate that specific recognition of the bacteria1 elicitor (and fenthion) in some way directly involves the Pto and Fen kinases. Additonal support for this hypothesis has been provided by Rommens et al. (1995) , using a domain-swapping experiment in which the N-terminal portion of Pto was fused to the C-terminal portion of Fen. Their results indicated that recognition of fenthion was conferred by the C-terminal portion of the Fen protein.
The requirement for Prf in both Pto and Fen activity raises the possibility that the Prf protein may interact physically with the kinases during signal recognition or transduction. If the Prf-Pto and Prf-Fen proteins do associate in vivo, then the amino acid residues that are shared between the Pto and Fen proteins but not with the pto and fen proteins may be important for such an interaction. The alignment of amino acids of all four kinases identified just three amino acids that are conserved in Pto and Fen but differ in pto and fen: valine at position 22, proline at position 73 (near subdomain II), and alanine at position 157 in Fen and 159 in Pto (just before subdomain VI). These residues would be good targets for site-directed mutagenesis to determine whether they are necessary for Pto or Fen function.
Based on the fact that Pto and Fen lack an obvious extracellular domain or a putative transmembrane region, we have postulated that both kinases are localized in the cytoplasm (Martin et al., 1993a (Martin et al., , 1994 . If true, this raises the question of how they could participate in a recognition event involving an extracellularly produced elicitor. Severa1 possibilities exist. First, Pto and Fen may interact with the cytoplasmic domain of either the same transmembrane receptor or two separate receptors. If only one receptor is involved, it may occur in different forms, perhaps as the result of covalent modification (e.g., proteolytic processing, phosphorylation, and lipid modification). If two receptors are involved, different abilities to recognize the elicitors and to interact physically with Pto or Fen could explain the specificity.
A second and more straightforward possibility is that the bacterial signal molecule and fenthion enter the plant cell and interact directly with their respective kinase. Pto and Fen might also be localized to the membrane in this scenario, perhaps by association with a membrane-bound anchoring protein. The binding of the elicitor might then promote the phosphorylation of the Pto and Fen kinases or, alternatively, enhance a phosphorylation event catalyzed by them. Such enhancement could be either by inhibiting a phosphatase or by increasing or stabilizing the level of a phosphorylated substrate. Whatever the mechanism, the fact that Pto and Fen confer different recognition capabilities in transgenic plants indicates that some level of specificity resides within their structures. To identify the regions conferring specificity, we have recently developed a series of chimeric proteins, each of which contains a different complement of Pto and Fen domains (R. Frederick and G.B. Martin, unpublished data) . Studies of these chimeric proteins, in combination with the insights gained ~from the analysis of the pto and fen alleles, will be useful for elucidating specific amino acids involved in elicitor recognition and the subsequent signal transduction events that culminate in disease resistance and fenthion sensitivity.
METHODS
Standard methods were used for library screening, DNA isolation, restriction enzymedigestion, DNA blotting, and DNAgel blot hybridization (Ausubel et al., 1987) . Hybridization was performed with Hybond N+ membranes (Amersham) by using random hexamer-labeled polymerase chain reaction (PCR) products (Feinberg and Vogelstein, 1983 ; 1 to2 x 106cpm/mLbuffer)amplifiedfrom plasmidclones.
Libraries and Yeast Artificial Chromosome Clones
Tomato genomic libraries, a giftfrom J. Giovannoni (TexasA& M University, CollegeStation), wereconstructed intheLambdaDash II vector (Stratagene) from DNA isolated from Rio Grande-PtoR (Pto FenlPto Fen) or Ailsa Craig @to fenlpto fen). The yeast artificial chromosome (YAC) clones spanning the Pto region were isolated from libraries constructed from Rio Grande-PtoR and VFNT Cherry (pto fenlpto fen), as described by Martin et al. (1 992) .
Restriction Analysis, Subcloning, and Plasmid Preparation DNA gel blot analysis was used to develop restriction maps of tomato genomic clones in bacteriophage A. Restriction maps of tomato genomic clones for subcloning and sequence analysis were constructed by indirect end labeling using theT4 polynucleotide kinase (Ausubel et al., 1987) . Restriction maps were confirmed by ethidium bromide staining of DNA fragments electrophoresed in 1 % agarose gels. Tomato genomic DNA in A was digested with the restriction endonucleases, and the DNA fragments were subcloned in pBluescript SK-(Stratagene) by using T4 ligase according to the manufacturer's protocol (Bethesda Research Laboratories). The ligated DNAs were used to transform XLI -Blue host bacteria cells (Stratagene).
DNA Sequencing and Analysis
DNA sequences were determined from double-stranded plasmid DNA by the dideoxy chain termination method (Ausubel et al., 1987) , using Sequenase2.0 (United States Biochemical Corp.). DNAsequence was analyzed using MacVector (International Biotechnology, New Haven, CT). Alignments with other DNAsequences were performed using the BESTFIT program of the Genetics Computer Group (Madison, WI) package.
Reverse Transcription, PCR, and Restriction Site Analysis PCRwasused toamplifytheptoORFfrom plasmid pTGacll45,using primers YTL3 and T3 (5'-AATTAAccC-TCACTAAAGGG-3'). Plasmid pTGacl145 contains a 5-kb EcoRVBamHl fragment derived from ACI -14 containing thepto recessive allele cloned into vector pBluescript SK-(Stratagene; Y. Jia, unpublisheddata) .Thepto PCR productwasdigestedwith EcoRl and BamHI, and the 1004-bp fragment was cloned into the corresponding sites in construct pMAL-Pto . For the in-frame fusion plasmid pMBP-fen, the PCR was used to amplify the fen ORF from plasmid pTGacll31 by using primersYTL3 and T3 (5'4ATAACCCTCACTAAAGGG-3'). Plasmid pPTGacl131 contains a 3.8-kb EcoRl fragment derived from ACl-13 containing thefen recessiveallelecloned intovector pBluescript SK-(Stratagene; Y. Jia, unpublished data). Thefen PCR product was digested with EcoRl and Hindlll to obtain a 1126-bp fragment, which was subcloned into the corresponding sites of pMAL-c2. All constructs were verified by sequencing. The GST-Ptil(K96N) construct was described previously (Zhou et al., 1995) .
Expression and Purification of Fusion Proteins
Overnight cultures of bacterial strains containing the fusion constructs were diluted 1 :I O in Terrific broth (Ausubel et al., 1987) plus ampicillin (75 mglmL) and grown for 1.5 hr at 37°C. Expression of the fusion proteins was induced with 0.05 mM isopropyl P-D-thiogalactopyranoside for 45 min at 25°C. Cells were harvested in TBS isolation buffer (TBS is 10mMTris,pH7.3,150mMNaCI,1 m M D T , 1 mMphenylmethylsulfonyl fluoride) and sonicated. The solubilized fusion protein was affinity purified by binding to amylose resin (for MBP; New England Biolabs, Beverly, MA) or glutathione agarose (for GST; Sigma) on ice for 20 min, as described by Maina et al. (1988) and Chang et al. (1992) . The resin waswashedthreetimeswith isolation bufferandthefourthtimewith kinasebuffer(50mMTris,pH7.0,1 mMDlT, IOmMMnCI,).
Poly(A)+ mRNA was isolated from 6-week-old leaves of Rio GrandePtoR and AilsaCraig by using oligo(dT) cellulose, according to standard methods (Ausubel et al., 1987) . Aliquots of mRNAs were treated with Phosphow~ation RNase-free DNase (5 units per pg of mRNA). Treated mRNAs were reverse transcribed with Moloney murine leukemia virus reverse transcriptase (Gibco BRL) by using the primers GMC34 (5'-CCA-TATACAACATGTGAAACACTG-3' for Fenlfen) and GMC35 (5'-TGA-AAGAAGGATCCACAGGTATAG-3' for P tolpto) to make the cDNAs (Simpson et al., 1992) . cDNA templates were amplified by PCR using gene-specific primers RI (5'-ATGGGAAGCAAGTATCCAA-3') and GMC35 (Ptolpto) or GMC2 (5'-GCTACATTGAAGTlTGCCC-3') and GMC34 (Fenlfen) . These primers were previously tested in PCRs in which the templates were a series of A tomato genomic clones spanning thePtolFen region and containing all of the gene family members. The primers specifically amplify fragments from only those clones known to contain the Ptolpto or Fenlfen alleles (J. Lindell and G.B. Martin, unpublished results). The amplification protocol was 30 sec at 94°C (once), 1 min at 92°C and at 55"C, 2 min and 30 sec at 75°C (40 times), and 15 min at 75°C (once). PCRs were performed according to manufacturer's instructions (Promega). The amplified PCR products weredigested with Taql (Fenlfen) or Haelll (Ptolpto).
For the autophosphorylation assays, 20 pCi of y3'P-ATP (6000 Cil mmo1)wasadded directlyto kinase buffercontaining the purifiedfusion proteins bound to the amylose resin, as described by Chang et al. (1992) .Themixturewasincubatedfor15minat22"C,andtheresinwas washed twice with 10 mM EDTA in TBS. Protein was eluted from the resin with 10 mM EDTA in SDS-containing loading buffer, boiled for 5 min, and fractionated by SDS-PAGE. The gel was stained with Coomassie Brilliant Blue R 250 and subjected to autoradiography. For the cross-phosphorylation assays, 20 pCi of y3'P-ATP (6000 Cilmmol) was added directlyto kinase buffer containing GST-Ptil (K96N) bound to glutathione agarose, and one of the MBP fusion proteins was bound to the amylose resin (MBP-Pto, MBP-Fen, MBP-pto, MBP-fen, MBPPto[K69Q], or MBP-Fen[K69Q]). The mixture was incubated for 15 min at 22"C, andtheresin waswashed twicewith 1 O mM EDTAinTBS. Proteins were eluted from the resin with 10 mM EDTA in SDS-containing loading buffer, boiled for5 min, and resolved by SDS-PAGE.TheSDS-PAGE gel was stained with Coomassie blue and subjected to autoradiography.
Construction of Ptolpto and Fenlfen Fusion Proteins
Construction of the maltose binding protein (MBP) fusions of Pto, Fen, andcorresponding kinase-deficient proteins wasdescribed previously . For the in-frame fusion plasmid pMBP-pto,
The IexA-pto Construct
The fusion construct of IexA-pto was made by cloning the EcoRIBamHl insert isolated from the pMBP-pto construct into corresponding sites of pEG202 (Golemis et al., 1994) . The IexA-pto construct was transformed into the yeast strain EGY48 containing plasmid pJK1 O1 to ensure that the fusion protein was translocated into the nucleus and into EGY48 containing pSHl8-34 to test for theabsence of autoactivationofthereportergenes bytheLexA-ptofusion protein (Golemisetal., 1994) . The IexA-Pto construct has been described previously (Zhou et al., 1995) . The Pto-interacting protein constructs were in vector pJG4-5 (Golemis et al., 1994) and were isolated from a two-hybrid screen by using the LexA-Pto bait protein (Zhou et al., 1995; J. Zhou, X. Tang, and G.B. Martin, manuscript in preparation).
Two-Hybrid lnteractions and lmmunoblot Analysis of Bait Proteins in Yeast
The lacZreporter plasmid (pSH18-34), the LexA-pto plasmid, and the Pti plasmids were transformed into yeast strain EGY48 sequentially by using standard protocols (Golemis et al., 1994) . Transformed yeast cells were grown to mid-log phase ( OD, , , of 0.5) in complete minimal liquid medium (Sherman et al., 1979) containing 0.006% leucine, 2% galactose, and 1 % raffinose. Samples were diluted 1:lOO in the same medium and allowed to grow to an OD, , , of 0.5. p-Galactosidase activity was assayed using ortho-nitrophenyl-p-o-galactoside as the substrate (Reynoldsand Lundblad, 1989) . Threeindependenttransformants of each pto/Pti and Pto/Pti combination were tested, and each was replicated in three liquid assays. Relative units of p-galactosidase activitywerecalculated asdescribed by Reynoldsand Lundblad (1 989) and are presented with standard errorsof the means.
Yeast strains containing either LexA-Pto, LexA-pto, or Ptil were grown in 20 mL of minimal media with selection, and the cells were harvested at mid-log phase. Total protein was extracted using the glass beads disruption method (Ausubel et al., 1987) and quantitated using the bicinchoninic acid method (Pierce, Rockford, IL). Proteins were separated by SDS-PAGE and blotted onto polyvinylidene membrane (Immobilon; Millipore, Bedford, MA). The membrane was blocked with 2.5% albumin, 2.5% nonfat dry milk, 0.5% Nonidet P-40 in TBS (15 mM Tris-CI, pH 7.5, 0.9% NaCI) for 2 hr with gentle rocking. The LexA antibody (generously provided by E. Golemis, Fox Chase Cancer Center, Philadelphia, PA) was added at 1/2500 dilution to the blocking solution and incubated for 2.5 hr. The membrane was washed for 5 min with TBS, twice for 10 min each with TBS plus 0.05% Nonidet P-40, and 15 min with TBS in 0.5 M NaCI. Secondary antibody, horseradish peroxidase -conjugated goat anti-rabbit (Sigma) was added at 1/5000 in TBS with 1.25% albumin, 1.25% nonfat dry milk, 0.05% Nonidet P-40 for 2 hr. The membrane was washed as described above. The fusion proteins were detected using an enhanced chemiluminescence kit (Amersham, Arlington Heights, IL).
